SUMMARY. A wide range of water-treatment technologies is used to control waterborne microbial problems in greenhouse and nursery irrigation. An online modified Delphi survey was carried out to identify the perceived key attributes that growers should consider when selecting among water-treatment technologies and to characterize a list of 14 technologies based on those same attributes. The expert panel consisted of ornamental plant growers (n = 43), water-treatment industry suppliers (n = 28), and research and extension faculty (n = 34). The survey was delivered to the expert panel in two rounds. Response rate was 59% and 60% for the first and second rounds, respectively. Growers identified control of plant disease, algae, and biofilm as primary reasons for adopting technologies, whereas mandatory regulation was not a major reason for adoption. All 23 attributes (related to cost, system size, control of microorganisms, chemistry, ease of use, and regulation) were perceived to be important when selecting between water-treatment technologies. Injectable sanitizing chemicals such as chlorination were considered to have low capital cost, unlike technologies that required installation of more complex equipment, such as heat treatment, hydrogen peroxide, ozone, reverse osmosis, or ultraviolet radiation. Filtration (excluding membrane filtration) was the only technology not perceived to be effective to control microorganisms. Filtration and copper were not considered effective to control human food-safety pathogens. Ozone was rated the highest as a technology that removes or oxidizes agrochemicals. Chemical water treatments, as opposed to physical water treatments, were perceived to be sensitive to water quality parameters and to have residual effect through the irrigation. Chlorine gas was perceived to be the only technology for which regulatory permission would be an obstacle. All technologies were perceived to be effective in water with low electrical conductivity (EC) or in solutions containing water-soluble fertilizers. This survey documents perceived attributes of watertreatment technologies, which are most useful where experimental data are not yet available. Research and outreach needs were highlighted by cases where perceived attributes differed from available experimental data or where there was a lack of consensus between experts.
C ommercial greenhouse and nurseries use high water volumes, reportedly averaging over 22,000 gal/acre per day (Camberato and Lopez, 2010) , and compete with other industries and drinking water for high quality sources. Irrigation water in greenhouse and nursery operations can be a source or dispersal mechanism for pathogens, algae, and biofilm, especially when recirculated and surface-water sources are used. A broad spectrum of plant pathogens, including oomycetes, fungi, bacteria, viruses, and nematodes, have been detected in water sources or distribution systems (Hong and Moorman, 2005) . Algae and biofilm can also be problematic in greenhouse production by clogging emitters (Bucks et al., 1979; Dehghanisanij et al., 2005; Gilbert et al., 1981; Juanico et al., 1995) , harboring plant pathogens (El-Hamalawi, 2007; Goldberg and Stanghellini, 1990; Hyder et al., 2009) , and causing worker-safety issues such as slippery walkways.
Review articles on technical aspects of water treatment (Ehret et al., 2001; Fisher, 2013; Newman, 2004; Raviv and Lieth, 2007; Runia, 1995; Stewart-Wade, 2011; Van Os, 2010; Zhou and Smith, 2002) have shown there is incomplete information about the technologies and their interactions with chemical and physical characteristics of water. Considerable research has been undertaken by plant pathologists on the efficacy of water-treatment technologies for controlling waterborne pathogens (Raudales, 2013) . However, investigation has focused largely on chlorination and control of oomycetes with less information available for other combinations of technologies and target organisms. There are limited data estimating phytotoxicity thresholds for chemical water disinfectants. However, the high levels of active ingredient required to control resistant pathogens suggest that in many cases the effective dose may cause phytotoxicity. Knowledge gaps remain about the compatibility of watertreatment technologies with the many biological, chemical, physical, social, and economic factors that characterize greenhouse and nursery operations. All these possible factors make it difficult for growers to select a technology that best fits their operation.
Horticulture growers are willing to adopt risk-management strategies to prevent disease spread in their operations (Breukers et al., 2012 to adoption (McRoberts et al., 2011) . Horticulture growers identified uncertainties about efficacy and costs as some of the barriers for adoption of diseasemanagement strategies (Breukers et al., 2012) . Growers of ornamental crops indicated that a major obstacle to implement sustainable practices was the perception that the practices were not compatible with current operation systems (Dennis et al., 2010) . Uncertainties about adopting a practice or technology lessen with time as growers acquire of information by experience or knowledge (Breukers et al., 2012; Feder and Umali, 1993; Marra et al., 2003; McRoberts et al., 2011; Rogers, 2003) . Rogers (2003) described the ''hardware'' aspects of innovations as the technology itself and ''software'' aspects of innovations as the information or knowledge about the performance of the technology. Some researchers have proposed that models on adoption of innovations in agriculture should consider interrelationships associated with the innovation, such as changing chemical applications and fertilization practices when adopting a new plant variety (Feder, 1982; Smale and Heisey, 1993) . Adoption of innovations in agriculture therefore requires consideration of additional factors other than the technology itself. Such factors can include operation size, adaptability to current infrastructure, perceived technical benefits, ease of use, costs, financial benefits, external incentives, and public policy among others (Adesina and Zinnah, 1993; Feder and Umali, 1993; Loo et al., 2012; Mangiafico et al., 2008; Padel, 2002; Rogers, 2003; Sunding and Zilberman, 2001 ). Plant-disease management is a human decision-making process that would benefit from interdisciplinary research that combines social and natural sciences (Gent et al., 2011; McRoberts et al., 2011) . Interdisciplinary research by plant pathologists, horticulturists, chemists, engineers, environmentalists, economists, and social scientists would be required to make a thorough analysis of all the factors that characterize water-treatment technologies for use in greenhouses and nurseries. However, given budget constraints on experimental research to resolve existing knowledge gaps, it is appropriate to use nonexperimental, but systematic, research designs.
The Delphi method involves soliciting a group of experts on an individual basis using a series of questionnaires to reach consensus about a problem for which quantitative data are not available or experimental-research designs are not feasible (Brown and Helmer, 1964; Dalkey and Helmer, 1963; Murray, 1979) . In other words, the Delphi method is a structured communication process used to predict outcomes based on consensus of a group of experts (Mitroff and Turoff, 2002) . The Delphi survey method is based on the epistemology of inexact sciences which convey quasi-laws based on past knowledge, experience, and critical analysis of the experts for prediction of a problem (Helmer and Rescher, 1959) . Quasi-laws cannot be derived from simplified observations and are instead inferred by the experience and views of the experts of complex situations (Aligica and Herritt, 2009; Helmer and Rescher, 1959) . A major distinction between the Delphi survey and other types of survey is that the expert panel has the opportunity to anonymously reconsider their answers based on their reaction to the group responses (Helmer and Rescher, 1959; Mitroff and Turoff, 2002) . Selection of the expert panel involves nonprobability sampling as random selection of the experts is not possible given the demand of specific knowledge and experience (Hasson et al., 2000) . Alternatives to deal with researcher bias on selection of the expert panel are self-rating of expertise (Brown and Helmer, 1964) , peer nomination of experts (Murray, 1979) , and selection based on indicators such as publications, research programs, or public presentations (Helmer and Rescher, 1959) . Dalkey and Helmer (1963) designed the method as an anonymous survey to stimulate independent thinking by each of the participants. The Delphi method is carried out under anonymous conditions to prevent influence from other members of the panel, uneasiness to express opinion, and ''bandwagon effect'' in which all agree because it is the opinion of the majority (Helmer and Rescher, 1959) . There is no standard definition of consensus, and some external factors (such as budget or time frame of project) might influence how consensus is defined. Consensus among the experts is defined a priori by the researchers with the goal of matching consensus to the objective of the research question (Hasson et al., 2000; Mitroff and Turoff, 2002; Sackman, 1974) . The original Delphi method started with open-ended questions that lead to a list of parameters to be evaluated (Brown and Helmer, 1964) . However, diverse modifications to the Delphi method have been developed to ease the process and to target more specifically attitudinal data (Mitroff and Turoff, 2002) .
Specific objectives of this research were 1) to identify the perceived key attributes of water-treatment technologies that should be considered by growers when selecting a technology for their operation and 2) to characterize 14 available water-treatment technologies in terms of these attributes. A modified Delphi survey method was used to evaluate these objectives. Results of this survey were intended as a first step to develop a framework of selection criteria for water-treatment technologies in irrigation for control of waterborne pathogens, algae, and biofilm.
Materials and methods
The expert panel consisted of 43 growers, 28 industry suppliers, and 34 research and extension faculty (N = 105, divided into the three ''expert types''). The ''grower'' group members consisted of ornamental plant growers known to have one or more water-treatment technologies in their operation and who were identified during cooperative extension watertreatment workshops hosted by the Water Education Alliance for Horticulture, which is a university/industry education consortium. The ''industry'' group consisted of suppliers and consultants from companies with products or services focused on the design, installation, and maintenance of water-treatment technologies. The ''researcher'' group represented scientists who had published articles, had known experience on water treatment, or both. The names of the individuals who participated and their association remained anonymous throughout the process.
A list of 23 ''attributes'' (shown in Table 1 ) that were potentially important in technology selection was developed based on informal grower and industry feedback by surveying during cooperative extension workshops. Water-treatment technologies included calcium hypochlorite, chlorine dioxide, chlorine gas, copper ionization, copper sulfate, filtration (excluding membrane filtration), heat treatment and pasteurization, hydrogen peroxide, hypochlorous acid, ozone, reverse osmosis/membrane filtration, silver ionization, sodium hypochlorite, and ultraviolet radiation.
A draft survey was developed with online Qualtrics Ò software (Qualtrics Laboratories, Provo, UT). The survey was approved by the University of Florida Institutional Review Board 02 under the protocol no. 2010-U-1178. In a pilot study, this version of the survey was sent for clarification and verification to a subset of the expert panel of eight people from the three expert types. The survey was amended with minor changes based on the feedback received.
ROUND 1. The revised survey was sent to expert panel members, who were contacted multiple times based on Dillman's-tailored design method (Dillman et al., 2009 ). The first contact was via e-mail 2 weeks before sending the survey informing them about their selection as part of the expert panel and the upcoming survey. The survey was first sent via e-mail on 7 Jan. 2011. Over a period of 4 months, four reminders were sent to the expert panel including one postcard and three e-mails. Round 1 of the survey was closed on 4 May 2011. A booklet was sent to the expert panel in appreciation for completing round 1 of the survey, with notification that round 2 was forthcoming.
Round 1 of the survey consisted of several sections. The demographics section requested information on their job title, organization, years of experience with water-treatment technologies, and an open-ended question on that experience. Growers only were also surveyed as to their reasons for adopting water-treatment technologies, the area of crop production, and which technologies were currently in use at their operation. For objective 1, which aimed to identify important factors in technology selection, all expert types were asked to evaluate the importance of different attributes in the selection between water-treatment options. In this section, the expert panel rated their level of agreement (on a Likert scale from 1 = strongly disagree, 3 = neither agree or disagree, to 5 = strongly agree) that each of the 23 attributes listed was an important selection criterion. A third section asked the expert panel to self-rate their level of expertise for each of 14 technologies using a Likert scale from 1 = no knowledge, 2 = beginner, 3 = informed without direct experience, 4 = informed with direct working experience, to 5 = expert. A fourth section related to objective 2, which was to identify the attributes of each technology. The Qualtrics Ò software dynamically presented questions only on technologies for which a participant had a self-rated expertise level of at least ''3 informed without direct experience.'' The technology was rated by the survey participant based on a level of agreement (with a Likert scale from 1 = strongly disagree to 5 = strongly agree) that each of the attributes listed accurately described a specific technology. In round 1, open questions were also provided to allow comments about each of the attributes and technologies.
ROUND 2. The survey was sent to the subgroup of the expert panel who Table 1 . Perceptions of an expert panel solicited via a modified Delphi survey that each attribute listed is important when selecting between water-treatment technologies. The expert panel was composed of growers of ornamental crops, researchers, and water-treatment industry suppliers with direct experience in one or more water-treatment technologies for control of pathogens in irrigation. The mean rating is based on a Likert scale from 1 (strongly disagree) to 5 (strongly agree). y Means were compared using Tukey's honestly significant difference test at P < 0.05.
• June 2014 24 (3) answered the questionnaire in round 1. The round 2 questionnaire included only sections 3 and 4 described for round 1, and in this round the average expert panel response for each attribute from round 1 (''the round 1 response'') was also included. For any question where the participant agreed with the round 1 response, the participants were asked to leave this value unchanged. If a participant disagreed with any round 1 response, the participants were asked to indicate their own response on the Likert scale. Round 1 responses left unchanged were therefore assumed to indicate agreement by the participant. Average rating and the percentage of agreement among experts were the two criteria used to determine the expert panel's perception of the attributes that characterize water-treatment technologies. An average rating >3.0 indicated that the expert panel perceived the attribute to characterize the technology and an average rating £3.0 indicated that the attribute did not characterize the technology. Average rating of 3.0 has been used as point of acceptance or rejection by other researchers (Duffield, 1993) . When fewer than 30% of respondents changed the rating between rounds, the average round 1 response was considered ''consensus'' of the expert panel, whereas changes by 30% or more of the respondents indicated ''disagreement.'' This threshold was based on the consensus level of 70% that has been previously used by other researchers (Loughlin and Moore, 1979; McKenna, 1994; Slaughter et al., 1999; Van Steenkiste et al., 2002) .
Analysis of variance (ANOVA) was used (PROC GLM) in SAS (version 9.2; SAS Institute, Cary, NC) to analyze main and interaction effects of ''expert type'' and ''attribute,'' and the main effect of ''years of experience'' in objective 1 (importance of ''attributes'' in technology selection). For objective 2, to determine ''attribute'' values for each technology, ANOVA was run by ''attribute'' using PROC GLIMMIX (SAS version 9.2), with main and interaction effects of ''expert type'' and ''technology,'' and the main effect of ''years of experience.'' Tukey's honestly significant difference test was used to compare means in all analyses at the P £ 0.05 level. Delphi surveys are typically analyzed with descriptive statistics (Hasson et al., 2000) . However, inferential statistics in survey analysis provides more insights into the relationships between responses and rounds in surveys, including Delphi surveys (Hasson et al., 2000; Shah and Kalaian, 2009 ). Therefore, inferential statistics was used to analyze the data of this survey. The F test was used because it has been shown to be robust to interval data assumptions from Likert scales (Breukers et al., 2012; Carifio and Perla, 2007) , including Delphi surveys with sample sizes larger than 30 experts (Kalaian and Kasim, 2012; Shah and Kalaian, 2009) .
Results and discussion

Demographics
The response rate of the survey was 59% and 60% for rounds 1 and 2, respectively. The sample population that responded to round 1 included 27 grower, 15 industry, and 21 researcher experts, compared with 15 grower, 9 industry, and 14 researcher experts in round 2. The majority (54%) of the expert panel self-rated as having more than 10 years of experience, with 26% or 20% self-rated as having 5 to 10 years, or less than 5 years of experience, respectively. Silver ionization was the only technology where only two of the three expert types were represented (industry and researcher, n = 7 individuals), with no grower in the survey group with experience. Growers identified ''to prevent plant diseases'' (74%), ''to control algae'' (65%), ''to control biofilm or clogging of equipment'' (65%), and ''as a response to plant loss'' (35%) as ''important reasons to adopt a water-treatment system in your operation.'' No growers indicated ''it is a mandatory regulation in my area'' as a reason to adopt a watertreatment technology. The operation size of the growers who participated in the survey ranged from 2.5 to 125.0 acres of covered greenhouse, 2.5 to 50.0 acres of open field production area, and 2.5 to 150.0 acres of total production area. The areas of greenhouse and open area production in the grower group totaled 430.0 and 246.0 acres, respectively. The mean value for operation areas for greenhouse and open area were 20.5 and 17.6 acres, respectively. Growers indicated that the technologies currently used either alone or in combination with other technologies were copper (n = 9), chlorine (n = 4), activated peroxygen (n = 4), chlorine dioxide (n = 4), ozone (n = 2), reverse osmosis (n = 2), and rapid sand filtration (1).
Objective 1: Attributes for selection of water-treatment technologies ATTRIBUTES. In choosing the attributes that should be considered when selecting water-treatment technologies, the perceived importance differed between attributes (P < 0.001) and there was an interaction between expert type and attribute (P < 0.001). There was no main effect of expert type (P = 0.244), although years of experience did affect response (P = 0.001) ( Table 1 ).
All 23 attributes had an average rating above 3.0, a value meaning ''neither strongly agree or disagree'' that an attribute was important in the selection of water-treatment technologies. An average rating of 3.0 was previously set as the threshold for consideration in round 2, and all 23 attributes were therefore conserved ( Table 1 ). The highest rating for the attribute ''if residues are present, they are not toxic to plants'' was not significantly different from 11 other attributes that included aspects related to efficacy against a range of target organisms, practical aspects of worker safety and operation, and regulatory considerations. Operating and capital costs were lower-ranked attributes. Two potential reasons to install water-treatment systems, ''controls human food-safety pathogens'' or ''removes or oxidizes pesticides and herbicides,'' were ranked lower than controlling plant pathogens, algae, and biofilm.
EXPERT TYPES AND EXPERIENCE. The perceived importance of attributes associated with control of algae, biofilm, and human food-safety pathogens differed between expert types. However, all expert types strongly agreed that ''controls plant pathogens'' was an important attribute. Researcher group perception on the importance that a technology ''controls algae'' [mean ± SD (3.75 ± 0.48)] was lower than the opinion of grower (4.93 ± 0.72) and industry groups (4.50 ± 0.27). Industry's perception of the importance that a technology ''controls biofilm'' (4.93 ± 0.27) was higher than growers (4.21 ± 0.88) and researchers group (3.86 ± 0.66). Growers' perception on the importance that a technology ''controls human food-safety pathogens'' (3.21 ± 0.93) was lower than the perception of industry (3.92 ± 0.92) or researchers (3.94 ± 0.57). Lower rating of biofilm control and control of human foodsafety pathogens by growers compared with other expert types presumably meant that growers perceived these problems to be of lower importance in their own production systems. The grower population was primarily producing ornamental rather than edible crops, and may therefore have been less sensitive to human food-safety pathogens than other expert types. Researchers had a lower opinion of the importance that a technology ''has a residual effect through the entire irrigation system'' (3.75 ± 0.68) compared with the growers' opinion (4.38 ± 0.56). Researchers' perceived importance that a technology is ''effective at high water pH'' (3.71 ± 0.61) was higher than the industry's opinion (3.00 ± 1.04).
The overall perceived importance of attributes was greater for experts who self-rated as having either more than 10 years of experience or less than 5 years of experience (4.19 for both groups), compared with the group who self-rated as having the intermediate 5 to 10 years of experience (4.00). Despite a statistical significant effect of years of experience, there may not be a practical significance in this difference.
Objective 2: Comparison of attributes between technologies
In the next survey section, the rating scale indicated how strongly participants perceived that a particular attribute characterized each individual technology. In the ANOVA that evaluated effects of ''technology,'' ''expert type,'' and ''years of experience'' on attribute ratings, there were differences between technologies (P < 0.05) for all 23 attributes. For six attributes, ratings differed across technologies between expert types. Across technologies, industry considered that water treatment had a higher initial capital cost and was not as suitable for small operations or small volumes, compared with other expert types. Researchers had a higher perception that water-treatment technologies were able to control plant pathogens, biofilm, human food-safety pathogens, and removal of pesticides and herbicides compared with growers and industry. The highest rating for ''Controls biofilm'' and ''Controls human food-safety pathogens was by researchers, followed by growers and industry. Silver ionization was removed from the analysis because of small sample size (n = 7).
COST. The water-treatment technologies calcium hypochlorite, chlorine dioxide, chlorine gas, copper sulfate, hydrogen peroxide, hypochlorous acid, and sodium hypochlorite were considered to have a perceived ''low initial capital cost'' based on an average rating above 3.0 ( Table 2 ). All of these technologies require a fairly simple, low cost injection system to deliver the dosage (Parke and Fisher, 2012) . Copper ionization, filtration, heat treatment, ozone, reverse osmosis, and ultraviolet radiation were not considered to have low initial capital cost, with average ratings below 3.0. Copper ionization was the only technology where at least 30% of experts disagreed in ratings of initial capital cost between rounds 1 and 2, indicating a lack of consensus on this attribute.
Calcium hypochlorite, chlorine dioxide, chlorine gas, copper ionization, copper sulfate, filtration, hypochlorous acid, and sodium hypochlorite had average ratings above 3.0 for ''has low operating cost per volume of irrigation water'' (Table 2) , although more than 30% of experts disagreed on ratings of ozone and hydrogen peroxide between rounds 1 and 2. A preliminary cost analysis indicates that operation costs for the different technologies can range widely between £$0.25 and ‡$1.00 per 1000 gal of water treated (Fisher, 2013) . Considering the large volumes of water used for irrigation, minor changes in operation costs could result in large annual costs. A cost comparison of ultraviolet radiation and chlorine dioxide for control of Phytophthora cinnamomi in nurseries in Australia indicated that the capital and operation costs of chlorine dioxide were higher than ultraviolet radiation when the daily water use ranged between 5000 and 100,000 L per day (Mebalds et al., 1996) . However, the capital cost of chlorine dioxide did not change between 10,000 and 100,000 L of water per day, suggesting that chlorine dioxide may be more cost-effective for treating large volumes of water. No comprehensive studies that compare the cost of other water-treatment technologies for use in irrigation are available.
SYSTEM SIZE. All treatments other than chlorine gas were considered to be ''suitable for small operation sizes (under 2 acres) or low water volumes such as mist systems,'' with an average rating above 3.0 (Table 2) . However, there was no consensus (more than 30% of experts disagreed between rounds 1 and 2) regarding the suitability of chlorine dioxide, chlorine gas, hypochlorous acid, ozone, reverse osmosis, and ultraviolet radiation for small operations. Heat treatment, copper sulfate, and hydrogen peroxide were not considered to be suitable for large operations (Table 2 ). More than 30% of the expert panel disagreed on the ratings for the suitability of chlorine dioxide, hydrogen peroxide, and ozone for large operations.
Among the technologies being used by the grower group at the time of the survey, the only technologies used in small operations <2 acres was chlorine dioxide in stabilized packets with single stock tanks (a 1.3-acre operation) and copper ionization was used in a 2.5-acre operation. Copper ionization was the water-treatment technology used in the widest range of operation sizes (2.5 to 100 acres), followed by chlorine dioxide generators (9 to 100 acres), and sodium hypochlorite (25 to 100 acres). Although only 13% of growers indicated they were using nonmembrane filtration, it is likely that screen or other filters were in use in all operations. Calcium hypochlorite and chlorine gas were used in individual operations of 23 and 10 acre, respectively. Hydrogen peroxide, ozone, and reverse osmosis were used in operation sizes ranging between 10 and 25 acres, 25 and 50 acres, and 6 and 16 acres, respectively.
CONTROL OF MICROORGANISMS. Filtration (excluding membrane filtration) was rated £3.0 for all the attributes related to control of microorganisms including plant pathogens, algae, biofilm, and human-safety pathogens (Table 2 ). All other technologies had mean ratings above 3.0 for controlling algae and plant pathogens. Both forms of copper and filtration had a mean rating £3.0 for the control of human food-safety pathogens. Means compared using Tukey's honestly significant difference test at P < 0.05. Underlined values indicate there was more than 30% disagreement between experts from rounds 1 to 2.
There was more than 30% disagreement among the expert panel on two or more attributes related to control of algae, plant pathogens, biofilm, or human food-safety organisms for the technologies chlorine gas, copper ionization, filtration, hydrogen peroxide, reverse osmosis, and ultraviolet radiation. Membrane filtration with small pore size (<10 mm) or slow media filtration are the only filtration options for removal of microorganisms from water (Ehret et al., 2001; StewartWade, 2011; Van Os, 2010) . Multiple stages of membrane filtration were more efficient in removing plant parasitic nematodes than a single filtration stage in experimental research (Moens and Hendricks, 1992; Ohtani et al., 2000) . Disagreement among the experts for ratings related to filtration (excluding membrane filtration) may have arisen because slow media filtration was not specifically included as a technology in the survey. In contrast to screen filters, slow media filters significantly decreased Fusarium oxysporum, pelargonium flower break virus, Phytophthora cinnamomi, Phytophthora cryptogea, Radopholus similis, and Xanthomonas campestris (Berkelmann et al., 1995; CalvoBado et al., 2003; Minuto et al., 2008; Wohanka, 1995; Wohanka et al, 1999; Van Os et al., 1999) .
Copper ionization was rated 3.6 for the attribute ''controls plant pathogens.'' However, 46% of experts disagreed between rounds with this rating, indicating a lack of consensus. A high level of disagreement may have arisen because copper ionization requires extended contact times ( ‡1 h) at a typical dose of 1 to 2 mgÁL -1 for effective control of plant pathogens. For example, Agrobacterium tumefaciens (Wohanka et al., 2009a) , Clavibacter michiganensis (Wohanka and Fehres, 2007a) , Erwinia carotovora (Wohanka et al., 2007) , Ralstonia solanacearum (Wohanka and Fehres, 2007b) , and Xanthomonas hortorum (Wohanka and Fehres 2006a) treated with 2 mgÁL -1 required 24, 2, 1, 1, and 4 h, respectively, to achieve 90% mortality of pathogen propagules. In contrast, other combinations of lower doses or contact times were ineffective in controlling these pathogens, and certain pathogens (Fusarium oxysporum, Pythium aphanidermatum, and Trichoderma asperellum) were resistant to copper ionization treatment at 4 mgÁL -1 with contact times ‡1 h (Wohanka and Fehres, 2006b, 2006c; Wohanka et al., 2009b) . Extended contact times are unlikely to occur in commercial greenhouse and nursery operations, unless treatment is applied in storage tanks with long residual time.
All technologies other than filtration, reverse osmosis, and ultraviolet radiation were considered to be effective at controlling biofilm. Because biofilm resides inside irrigation distribution lines, the point-treatment nature of the three aforementioned technologies, and therefore the lack of residual effect, reduces their potential efficacy in controlling biofilm. Biofilms are a matrix of polymers with a complex community of microorganisms attached to a surface (Costerton et al., 1995) . The metabolic behavior and structure of biofilms is highly dependent on the microbial composition of the biofilm (Stoodley et al., 2002) . In general, microbes attached to surfaces are more resistant to control than planktonic organisms (Bois et al., 1997; LeChevallier et al., 1988) . Treatment with 0.5 mgÁL -1 chlorine reduced the density of coliform pathogens in the biofilm and resulted in release of biofilm particles, but it did not completely control biofilm (Morin et al., 1996) .
All technologies except copper ionization and filtration were considered to be effective at controlling human food-safety pathogens ( Table 2) . Inactivation of human pathogens has been widely studied in drinking water (Maier et al., 2009) . Irrigation water has been identified as a potential source of human food-safety pathogens (Alsanius et al., 2011; Gortáres-Moroyoqui et al., 2011; Ijabadeniyi et al., 2011; Lewis Ivey and Miller, 2013; Steele and Odumeru, 2004) . Irrigation water treated with chlorine gas or chlorine dioxide (both at residual concentrations of 1 mgÁL -1 ) in combination with slow sand filtration were not effective in reducing coliform bacteria to the U.S. Environmental Protection Agency (USEPA) required levels (Lewis Ivey and Miller, 2013) . Control and monitoring of food-safety pathogens in irrigation will be necessary given increasing regulation to reduce the risk of waterborne contamination of fresh produce by human pathogens (U.S. Food and Drug Administration, 2013). More research is required to determine synergistic efficacy of control of plant pathogens and human pathogens.
E F F E C T O N N U T R I E N T O R INORGANIC MOLECULES.
Calcium hypochlorite, copper ionization, copper sulfate, filtration, hypochlorous acid, and ultraviolet radiation were rated £3.0 for the attribute ''removes or oxidizes pesticides or herbicides'' (Table 3) . Ozone, which was given the highest rating (3.6) for this attribute, is commonly used to remove pesticides from natural water resources and drinking water supplies (Chiron et al., 2000) . Ozone oxidizes directly or via hydroxyl free radicals, which is the strongest oxidizer form (Hoigné and Bader, 1976) . Hydroxyl free radicals can result in complete mineralization of molecules (Chiron et al., 2000) . Other technologies may be used alone or in combination with other technologies to reduce pesticide levels in irrigation water, including reverse osmosis, carbon filtration, chlorination (or other oxidizers), and ultraviolet radiation (Chian et al., 1975; Chiron et al., 2000; Kamel et al., 2009; Lafi and Al-Qodah, 2006; Legrini et al., 1993) .
Calcium hypochlorite, copper sulfate, hydrogen peroxide, hypochlorous acids, ozone, reverse osmosis, and sodium hypochlorite were the only technologies with ratings £3 for the attribute ''fertilizers including micronutrients are not affected.'' Ozone can oxidize manganese, iron, and any other micronutrient chelates (OhashiKaneko et al., 2009; Vanachter et al., 1988) . Reverse osmosis removes most nutrients from irrigation water (Runia, 1995) . Calcium hypochlorite, hydrogen peroxide, hypochlorous acid, and sodium hypochlorite were also rated £3.0, presumably because it is assumed that they are a strong enough oxidizers to affect organic chelates, although data are not available.
SENSITIVITY TO WATER QUALITY PARAMETERS. Several technologies including calcium hypochlorite, chlorine dioxide, chlorine gas, copper ionization, copper sulfate, hydrogen peroxide, hypochlorous acid, and sodium hypochlorite had ratings below 3.0 for the attribute ''is effective at high water pH'' (Table 3) . More than 30% of experts disagreed for ratings of calcium hypochlorite, chlorine gas, copper ionization, and sodium hypochlorite
• June 2014 24(3) Table 3 . Comparison between technologies of attributes associated with sensitivity to water quality parameters, effects on nutrients or inorganic molecules, and residual effect. Ratings were provided by an expert panel, provided via a modified Delphi survey, who were asked to rate their level of agreement that each attribute characterized the listed technology. In a second round, the expert panel was asked to express their agreement with the average rating of round 1. Mean values are based on a Likert scale from 1 (strongly disagree) to 5 (strongly agree Means compared using Tukey's honestly significant difference test at P < 0.05. Underlined values indicate there was more than 30% disagreement between experts from rounds 1 to 2.
for this attribute. Hypochlorous acid, which is the active ingredient of calcium hypochlorite, chlorine gas, hypochlorous acid, and sodium hypochlorite, has decreased sanitizing activity as pH increases (Lang et al., 2008; White, 1992) . Chlorine dioxide is effective at a wider pH range than other chlorine forms (Faust and Aly, 1983) . Copper solubility also decreases with increasing pH (Lindsay, 1979) , which could reduce efficacy of copper ionization and copper sulfate. All the technologies had ratings above 3.0 for ''is effective with low EC water,'' although there was no consensus for copper ionization. Higher EC facilitates electrolysis in solutions, and therefore ionization of copper or silver (Fischer et al., 2008) . Copper ionization units currently used in horticulture differ in their ability to adjust to the changing EC that commonly occurs in greenhouses using water-soluble fertilizers, and the authors have frequently measured doses of copper lower than the target concentrations in commercial greenhouse installations. Filtration (excluding membrane filtration), heat treatment and reverse osmosis were the only technologies rated above 3.0 for the attribute ''effective in water with suspended organic and inorganic particles'' (Table 3) . More than 30% of the experts disagreed about the average rating of heat treatment and ultraviolet radiation. Chemical sanitizers are affected by the presence of organic particles in the solution because the particles exert chemical sanitizer demand, therefore reducing the residual active ingredient. for sanitizing water . It is well known that ultraviolet radiation efficacy is affected by the presence of organic and inorganic particles that block the transmission of radiation to the target organism (Yiaosumi et al., 2005) . One of the principle roles of filtration in water treatment is to reduce suspended solids and sanitizing agent demand (Maier et al., 2009) , and survey results reinforce the importance of filtration as an essential component of any water treatment system design. In addition, the rating and the disagreement for ultraviolet radiation indicates the need to educate growers on water clarity and pretreatment when using ultraviolet radiation for sanitation.
All the technologies were rated ‡3.2 for the attribute ''effective in solutions containing water-soluble fertilizers'' (Table 3) . However, in a study where chlorine interacted with ammonium, a reduction in oxidation reduction potential and free chlorine were observed (Meador and Fisher, 2013) , which would be expected to occur because of conversion of hypochlorous acid (free chlorine) to chloramine (combined chlorine) (Deborde and von Gunten, 2008) . It is unknown how chloramines affect the efficacy to control plant pathogens. Research on human health found chloramine was more effective than hypochlorous acid in reducing the incidence of Legionella and biofilm buildup (Lin et al., 2011) ; however, longer contact times are required (Degrémont, 1979) .
RESIDUAL EFFECT. Filtration (excluding membrane filtration), heat treatment, ozone, reverse osmosis, and ultraviolet radiation were not considered to have the attribute ''has a residual effect through the entire irrigation system'' (Table 3) . As discussed early in relation to biofilm control, most of these technologies are characterized as point treatments, in contrast with chemicals that are transported through the irrigation system (Stewart-Wade, 2011). Ozone is an unstable oxidant with fast reaction in water (Hoigné and Bader, 1994) , which by definition reduces its residual activity.
Copper ionization, filtration (excluding membrane filtration), heat treatment, ozone, reverse osmosis, and ultraviolet radiation were perceived to have the attribute ''if residues are present, they are not toxic to plants'' (Table 3) . However, more than 30% of the expert panel disagreed on the ratings for chlorine dioxide, copper ionization, heat treatment, ozone, reverse osmosis, sodium hypochlorite, and ultraviolet radiation for one of the attributes related to residual effect (Table 3) . Chlorine applied at 2.4 mgÁL -1 (Cayanan et al., 2009) , chlorine dioxide at 2.5 mgÁL -1 (Rens, 2011) , ozone at 0.9 mgÁL -1 (Graham et al., 2009) , and hydrogen peroxide at 8 mgÁL -1 (Vänninen and Koskula, 1998) have resulted in phytotoxicity of diverse crops.
EASE OF USE. Copper sulfate, hypochlorous acid, ozone, and ultraviolet radiation were not considered to have the attribute ''easy to monitor active ingredient and efficient operation'' (Table 4) . More than 30% of the expert panel disagreed with the ratings on ease of monitoring for copper ionization, heat treatment, hydrogen peroxide, and ozone. Inline and handheld devices and kits are available for onsite monitoring active ingredients of sanitizing agents (Fisher, 2013) . Chlorine gas and sodium hypochlorite were the only technologies perceived as not being ''safe for workers to use'' (Table 4) . Chlorinebased products have been categorized in Toxicity Category I, which is the highest degree of acute toxicity established by the USEPA, 1999). Chlorine dioxide, chlorine gas, ozone, and reverse osmosis were not considered to have the attribute ''simple to use and does not require specialist training for workers'' (Table 4 ). Chlorine gas, ozone, reverse osmosis, and ultraviolet radiation were not considered to have the attribute ''requires minimal maintenance for calibration, cleaning, or replacing parts'' (Table 4 ). All technologies were rated ‡3.0 for the attribute ''has a long shelf life of materials (>3 months)'' (Table 4) .
REGULATION. Chlorine gas was the only technology not considered to have the attribute ''regulatory permission is unlikely to be an obstacle'' (Table 4) . More than 30% of the expert panel disagreed with the ratings for the attribute ''regulatory permission is unlikely to be an obstacle'' for the technologies chlorine dioxide and chlorine gas (Table 4) . USEPA under the National Primary Drinking Water Regulations created a list of disinfectants and disinfection byproduct contaminants, specifying the maximum contaminant level (MCL) for various sanitizers and their byproducts for public water sources (Tarver, 2008; USEPA, 2013) . The MCL for disinfectants are 0.8 mgÁL -1 for chlorine dioxide and 4 mgÁL -1 for chlorine as annual average (Tarver, 2008; USEPA, 2013) . The MCL for disinfectant byproducts are 0.01 mgÁL -1 for bromate, 1.0 mgÁL -1 for chlorite, 0.06 mgÁL -1 for halo acetic acids (HAA5), and 0.10 mgÁL -1 for total trihalomethanes (Tarver, 2008; USEPA, 2013) . Copper, which is listed under the inorganic chemicals contaminant, has an action level of 1.3 mgÁL -1 (USEPA, 2013). The action level ''indicates the amount necessary to reduce the level of contaminant in drinking water'' (Tarver, 2008 ).
• June 2014 24(3) Mean values are based on a Likert scale from 1 (strongly disagree) to 5 (strongly agree), compared using Tukey's honestly significant difference test at P < 0.05. Underlined values indicate there was more than 30% disagreement between experts from rounds 1 to 2.
Conclusions
The results of this survey confirmed that decision making for selection of water-treatment technologies is multifaceted. Hence, multidisciplinary approaches are required to accurately model the selection process of water-treatment technologies in irrigation. Disagreement among experts, and lack of published quantitative research data, highlight areas of needed research and outreach. For example, the expert panel disagreed on 11 of 24 attributes that characterized copper ionization and in 8 of 14 technologies for the attribute ''controls biofilm.'' The lack of consensus on attributes of copper ionization may result from limited research on this technology in the United States, given that most efficacy testing of copper ionization for control of plant pathogens has been carried out in Europe (Hopkins et al., 2009; Thinggaard, 1998, 2000; Wohanka and Fehres, 2006a , 2006b , 2007a , 2007b Wohanka et al., 2009a Wohanka et al., , 2009b . Technologies vary widely in the number of published efficacy studies (Raudales, 2013) , with chlorine being the most studied technology. Aspects other than control of plant pathogens, such as control of biofilm or algae, or economic analysis of technology options, have received little attention despite the importance of these factors as identified by the survey panel.
More quantitative research on this topic will ensure that growers successfully meet future regulatory requirements to capture and recirculate water, and comply with food-safety regulations. Although the results of this survey do not substitute for quantitative experimental data, the information surveyed current perceived attributes of each technology. This analysis provided the necessary information for the development of a framework that will facilitate the decision-making process for growers by providing selection criteria of water-treatment technologies in irrigation for control of waterborne microbial problems. Growers and extension agents can identify the selection criteria that are priorities for the target operation and match these priorities with the strengths and weaknesses of each technology. 
